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Key points
 Muscular dystrophy patients suffer from progressive degeneration of skeletal muscle fibres,
sudden spontaneous falls, balance problems, as well as gait and posture abnormalities.
 Dystrophin- and dysferlin-deficient mice, models for different types of muscular dystrophy
with different aetiology andmolecular basis, were characterized to investigate if muscle spindle
structure and function are impaired.
 The number and morphology of muscle spindles were unaltered in both dystrophic mouse
lines but muscle spindle resting discharge and their responses to stretch were altered.
 In dystrophin-deficient muscle spindles, the expression of the paralogue utrophin was sub-
stantially upregulated, potentially compensating for the dystrophin deficiency.
 The results suggest that muscle spindles might contribute to the motor problems observed in
patients with muscular dystrophy.
Abstract Muscular dystrophies comprise a heterogeneous group of hereditary diseases
characterized by progressive degeneration of extrafusal muscle fibres as well as unstable gait and
frequent falls. To investigate if muscle spindle function is impaired, we analysed their number,
morphology and function in wildtypemice and inmurinemodel systems for two distinct types of
muscular dystrophy with very different disease aetiology, i.e. dystrophin- and dysferlin-deficient
mice. The total number and the overall structure of muscle spindles in soleus muscles of both
dystrophic mouse mutants appeared unchanged. Immunohistochemical analyses of wildtype
muscle spindles revealed a concentration of dystrophin and β-dystroglycan in intrafusal fibres
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outside the region of contact with the sensory neuron.While utrophinwas absent from the central
part of intrafusal fibres of wildtype mice, it was substantially upregulated in dystrophin-deficient
mice. Single-unit extracellular recordings of sensory afferents frommuscle spindles of the extensor
digitorum longus muscle revealed that muscle spindles from both dystrophic mouse strains
have an increased resting discharge and a higher action potential firing rate during sinusoidal
vibrations, particularly at low frequencies. The response to ramp-and-hold stretches appeared
unaltered compared to the respective wildtype mice. We observed no exacerbated functional
changes in dystrophin and dysferlin double mutant mice compared to the single mutant animals.
These results show alterations in muscle spindle afferent responses in both dystrophic mouse
lines, which might cause an increased muscle tone, and might contribute to the unstable gait and
frequent falls observed in patients with muscular dystrophy.
(Received 2 July 2019; accepted after revision 24 January 2020; first published online 31 January 2020)
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Introduction
Muscular dystrophies (MDs) are a heterogeneous group
of more than 30 different, mostly inherited diseases that
are all characterized by peripheral muscle weakness and
degeneration of the musculo-skeletal system (Mercuri &
Muntoni, 2013). MD patients also suffer from postural
instability and frequent falls (Hsu & Furumasu, 1993;
Mahjneh et al. 2001; Pradhan et al. 2006), but the cause
of these symptoms is unknown. The molecular basis
of MDs are mutations that directly or indirectly affect
the dystrophin-associated glycoprotein complex (DGC;
Campbell & Kahl, 1989; Gao & McNally, 2015). The
most common form of muscle dystrophy in humans is
Duchenne muscular dystrophy (DMD; MIM #310200),
which affects approximately 1 in 5000 boys (Mah et al.
2014), making it one of the most common recessive
disorders in the human population. DMD is caused by
mutations in the DMD gene, which codes for dystrophin
(Waite et al. 2012). Dystrophin is a large cytoskeletal
protein, which in skeletal muscle (via the DGC) provides a
molecular link between subsarcolemmal F-actin filaments
and the extracellularmatrix (Blake&Kro¨ger, 2000; Ervasti,
2007; Waite et al. 2012). This link mechanically stabilizes
the sarcolemmal membrane, particularly during muscle
contraction. Accordingly, mutations in dystrophin or in
other proteins that directly or indirectly affect the DGC
cause an interruption of this molecular link leading to
mechanical lability of the sarcolemmal membrane and
subsequent contraction-induced damage (Goldstein &
McNally, 2010; Le Rumeur et al. 2010; Waite et al.
2012; Mercuri & Muntoni, 2013). Due to a number
of mechanisms, including changes in the regenerative
capacity of satellite cells (Chang et al. 2016) and loss of
signalling capacity of the DGC (Constantin, 2014), over
time regeneration cannot compensate for the degenerative
loss of muscle tissue (Wallace & McNally, 2009). This
ultimately leads to a reduction in muscle mass, loss of
contractile force and, in the case of DMD, to premature
death of the affected person due to respiratory or cardiac
muscle failure (Mosqueira et al. 2013).
Dysferlinopathies (including limb girdle muscular
dystrophy 2B; MIM #253601, and Miyoshi myo-
pathy; MIM #254130) are another rare and clinically
heterogeneous group ofMDs also characterized bymuscle
weakness and wasting but with a completely different
molecular cause and disease progression (Cardenas et al.
2016). The phenotype of this disease is much milder
compared to DMD with an onset between the second
and third decade (Rosales et al. 2010). A mutation in
the DYSF gene on chromosome region 2p13 leads to
a reduced function of dysferlin (Bashir et al. 1998; Liu
et al. 1998; Aoki et al. 2001), a single-pass transmembrane
protein with important roles during membrane fusion
and trafficking (Anderson et al. 1999; Cardenas et al.
2016; Barthelemy et al. 2018). When microlesions in
the plasmamembrane occur, dysferlin-containing vesicles
are recruited to the injury site in a Ca2+-dependent
manner (Han & Campbell, 2007; Matsuda et al. 2015)
and dysferlin then appears to promote vesicle aggregation
and fusion with the plasma membrane to reseal the injury
site (McNeil, 2009). Accordingly, loss of dysferlin leads
to an impaired membrane repair and subsequently to
a degeneration of skeletal muscle fibres, causing muscle
weakness. The functions of dysferlin in skeletal muscle
fibres are not completely understood and additional
functionsofdysferlin, including an impairedCa2+ homeo-
stasis during mechanical stress (Kerr et al. 2013), might
contribute to the degeneration of skeletal muscle tissue.
Coordinated movements, including locomotion, and
their control, require proprioceptive information, i.e.
information about muscle tone as well as position and
movement of the extremities in space (Dietz, 2002; Proske
& Gandevia, 2018). Muscle spindles are encapsulated
primary proprioceptive sensory receptors. Muscle spindle
sensory afferents inform the CNS about the extent
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and speed of muscle lengthening (Proske & Gandevia,
2012; Blecher et al. 2018; Kro¨ger, 2018). In adult mice,
muscle spindles are 200–400 µm long and consist of 3–8
specialized intrafusal muscle fibres that lie in parallel with
extrafusal muscle fibres (Banks, 1994; Bewick & Banks,
2015). The central (equatorial) part of intrafusal muscle
fibres is innervated by two types of afferent proprioceptive
sensory fibres (whose peripheral axons are termed ‘type Ia
afferents’ and ‘type II afferents’ according to their axonal
conduction velocity; Banks, 2015). The terminals of Ia
afferents wrap around intrafusal fibres and form so-called
annulospiral sensory nerve endings whereas those of type
II afferents, when present, flank the Ia afferents (Schroder
et al. 1989; Sonner et al. 2017). Type II afferents have so
far not been detected in mice by immunohistochemical
and electrophysiological methods (Wilkinson et al. 2012;
Zhang et al. 2014, 2015; Gerwin et al. 2019). Proprio-
ceptive sensory neurons generate action potentials with
frequencies that are proportional to the size of the stretch
and to the speed of stretching (De-Doncker et al. 2003).
The cell bodies of these pseudounipolar sensory neurons
constitute a minor fraction of all neurons in the dorsal
root ganglion (DRG; Kashkoush et al. 2019) and their
peripheral endings can be labelled by antibodies against
the vesicular glutamate transporter 1 (VGluT1; Wu et al.
2004).
In addition to the sensory neurons, intrafusal
muscle fibres are innervated by efferent γ-motoneurons
(fusimotor innervation; Banks, 1994). Axons of
γ-motoneurons enter the spindle together with the
sensory fibres in the central region but innervate intra-
fusal muscle fibres exclusively at both ends (polar
regions) where they form cholinergic synapses that
appear functionally similar to neuromuscular junctions
formed by γ-motoneurons on extrafusal muscle fibres.
γ-Motoneurons modulate the sensitivity of muscle
spindles by inducing contraction in the polar region of the
intrafusal muscle fibres to exert tension on the equatorial
regionof themusclefibre (Banks, 1994;Proske, 1997).This
allows for continuous control of themechanical sensitivity
of spindles over the wide range of lengths and velocities
that occur during normal motor behaviours.
Patients with MDs of the Duchenne type or with
dysferlinopathies often experience sudden spontaneous
falls, balance problems, as well as gait and posture
abnormalities (Hsu & Furumasu, 1993; Mahjneh et al.
2001; Pradhan et al. 2006), suggesting that their proprio-
ceptive system might be impaired. In agreement with this
hypothesis, morphological changes in muscle spindles
have been reported in dystrophic muscles from mice
(Ovalle & Dow, 1986; Nahirney & Ovalle, 1993; Nahirney
et al. 1997) and humans (Cazzato & Walton, 1968; Swash
& Fox, 1976; Kararizou et al. 2007; Skuk et al. 2010).
To investigate if muscle spindle function is also affected,
we analysed the structure and molecular composition
of muscle spindles in several mouse lines that carry
mutations similar tomutations in humans with particular
forms of MD and combined this analysis with electro-
physiological recordings from single-unit muscle spindle
afferents. The mouse lines analysed included the DMDmdx
mouse line (Bulfield et al. 1984), which harbours a
non-sense mutation in exon 23 of the dystrophin gene,
eliminating the expression of dystrophin in all tissues
(Sicinski et al. 1989). This mouse is a widely used model
system for DMD (Willmann et al. 2009). We also used
the SJL-Dysf C57BL/6 mouse (dysf−/−) a model system
for dysferlinopathies (Bittner et al. 1999; Hornsey et al.
2013). Utrophin-deficientmice (utrn−/−) have a verymild
phenotype and only subtle changes in skeletal muscle
tissue (Deconinck et al. 1997; Grady et al. 1997), and were
included in the analysis as models for very mild forms of
MD.
Our results show that muscle spindles from wildtype
and dystrophic mice did not differ in the number,
morphology and response to ramp-and-hold stretches.
However, the action potential frequency at rest and the
sensitivity to sinusoidal vibrations were increased in
dystrophic muscles, demonstrating that muscle spindles
fromdystrophicmicehave functional defects,whichmight
contribute to the unstable gait and frequent falls observed
in patients with MD.
Methods
Ethical approval
Use and care of animals was approved by German
authorities and according to national law (§7 TierSchG).
Animal procedures were performed according to the
guidelines from Directive 2010/63/EU of the European
Parliament on the protection of animals used for scientific
purposes. All experiments were approved by the local
authorities of the State of Bavaria, Germany (Az.:
ROB-55.2-2532.Vet 02-17-82).
Animals
Male mice aged 10–15 weeks of 22–28 g from the
following strains were used: C57BL/6J (Charles
River Laboratories, Erkrath, Germany); C57BL/10Sc,
C57BL/10ScSn/DMDmdx/J (DMDmdx; Bulfield et al. 1984;
bred in the Department of Laboratory Animal Science
of the Medical faculty at the University of Greifswald,
Germany); C57BL/10Sc/Utro (utrn−/−; Deconinck
et al. 1997; Grady et al. 1997); SJL-Dysf C57BL/6
(dysf−/−; Bittner et al. 1999); and DMDmdxSJL-dysf
C57BL/6 [DMDmdx-dysf−/−; maintained at the
Division for Laboratory Animal Science and Genetics
(Medical University Vienna, Himberg, Austria) under
C© 2020 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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institutionally approved protocols for the humane
treatment of animals]. The DMDmdx-dysf−/− mouse is
a combination of the DMDmdx and the dysf−/− mouse
lines. This mouse model has a more severe dystrophic
phenotype regarding skeletal muscle degeneration
compared to either single-mutant animal (Lowe et al.
2006; Han et al. 2011). At most five adult animals
were housed in a sterile cage on a 12-h light/dark cycle
with ad libitum access to food and water. Experimental
protocols were designed to the number of animals
and were performed in Munich following protocols in
compliance with the German law for animal protection.
The authors declare that their work complies with the
ethical principles under which The Journal of Physiology
operates.
Immunofluorescence
Immunofluorescence labelling was performed as
described previously (Zhang et al. 2014; Gerwin et al.
2019). Toobtainmuscle tissue for immunohistochemistry,
mice were deeply anaesthetized via an I.P. injection of
ketamine (100 mg kg−1; Pfizer, Berlin, Germany) and
xylazine (10 mg kg−1; Bayer AG, Leverkusen, Germany).
Depth of anaesthesia was assessed by the abolition of pedal
reflexes. After transcardial perfusion with PBS followed by
4 % paraformaldehyde (PFA), the muscles were dissected.
The distribution of the immunofluorescence signal was
similar in soleus, quadriceps and EDL muscles. Muscles
were post-fixed in 4% PFA for 2 h and then incubated
in 30% sucrose in PBS overnight at 4°C. Fixed muscles
were embedded in Tissue-Tek O.C.T. Compound (Sakura
Finetek Europe, AJ Alphen an den Rijn, the Netherlands),
rapidly frozen and cryo-sectioned along the longitudinal
axis at 20–30 µm thickness and then air-dried.
Dried frozen sections were rehydrated for 10 min in
PBS. In the case of anti-dysferlin antibodies, sections
were incubated twice in 1 mg ml−1 sodium borohydrate
for 4 min to reduce background immunofluorescence.
Sections were then blocked in PBS containing 0.2%Triton
X-100 (Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany) and 1% bovine serum albumin (Carl Roth
GmbH, Karlsruhe, Germany; blocking solution) for
30 min at room temperature and incubated with
the primary antibody in blocking solution at 4°C
overnight.
Sensory nerve terminals were stained using anti-
bodies from guinea pig against vGluT1 (AB5905, Milli-
pore, Darmstadt, Germany; 1:1000; Zhang et al. 2015;
Gerwin et al. 2019). In addition, the following anti-
bodies were used: mouse anti-utrophin (NCL-DRP2;
Leica Biosystems, Nussloch, Germany; 1:4), rabbit
anti-dysferlin (ab124684; Abcam, Cambridge, UK; 1:20),
mouse anti-dysferlin (HAMLET-CE; Leica Biosystems;
1:50), mouse anti-β-dystroglycan (NCL-b-DG, Leica
Biosystems; 1:75) and rabbit anti-dystrophin (RB-9024;
ThermoFisher Scientific, Planegg, Germany; 1:100).
Primary antibodies were detected using the appropriate
Alexa488- and Alexa594-conjugated goat anti-rabbit
(A11037; Invitrogen; 1:1000), goat anti-mouse (A21125;
Invitrogen; 1:1000)ordonkey anti-guineapig (AP1493SD;
Millipore; 1:500) secondary antibody. Each of the
secondary antibodies was preabsorbed against IgGs
of the other two species, eliminating cross-reactivity
in double-immunofluorescence analyses. No specific
labelling was observed when the primary antibodies were
omitted.
After immunofluorescence labelling, the sections were
embedded inMowiol mounting medium (Carl Roth) and
analysed using a Zeiss LSM 710 laser scanning confocal
microscope (Carl Zeiss AG, Oberkochen, Germany;
Gerwin et al. 2019) or a SP8X WLL microscope (Leica,
Wetzlar, Germany) at the Core-Facility Bioimaging of the
Biomedical Centre. The LSM 710 was equipped with an
argon laser (laser line 488 nm), a diode (laser line 405 nm),
a DPSS laser (561 nm) and a HeNe laser (633 nm).
Confocal z-stack images were generated using a 40×
water immersion objective (LD C-Apochromat 40× with
a numerical aperture of 1.1) and a multi-alkaline-based
photomultiplier (PMT). Sequential recordings were
performed to avoid bleed-through. The SP8XWLLmicro-
scope was equipped with a 405 nm laser, a WLL2 laser
(470–670 nm) and an acousto-optical beam splitter.
Sequentially scanned confocal Z-stacks of whole muscle
spindles were obtained using 1 µm optical sections.
Images were acquired with a 63× objective with a
numerical aperture of 1.4 and an image pixel size of
80 nm. The following fluorescence settings were used:
DAPI (4′,6-diamidino-2-phenylindole; excitation 405 nm;
emission 410–470 nm), GFP (green fluorescent protein;
excitation 489 nm; emission 492–550 nm), Cy3 (excitation
558 nm ; emission 560–600 nm) and Cy5 (excitation
650 nm ; emission 652–700 nm). GFP and Cy3 were
recorded with hybrid photodetectors (HyDs), and DAPI
and Cy5 with conventional photomultiplier tubes. Laser
power levels, photomultiplier gain levels, scanning speed
and confocal pinhole size were kept constant between
experimental and control specimens. To avoid false
positive results due to unspecific binding of antibodies,
negative controls (without secondary antibodies) as well
as sections of the corresponding mutated mouse were
obtained in parallel. Digital processing of entire images,
including adjustment of brightness and contrast, was
performed using the Java image processing program
software package Fiji (Schindelin et al. 2012). Compound
images were assembled using CoreDraw (vs. 2017, Corel
Corporation, Munich, Germany).
To determine the total number of muscle spindles in
soleus muscles, entire muscles were cryosectioned along
C© 2020 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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the longitudinal axis at 20 µm thickness and stained
with anti-vGluT1 antibodies and DAPI as described
above. Each cryostat section was completely scanned
by performing tile scans and all pictures from one
section were aligned using the stitching tool to one
complete image. This allowed the reconstruction and
identification of all muscle spindles in an entire soleus
muscle. Muscle spindles were identified by morphological
criteria, i.e. positive immunofluorescence labelling of the
annulospiral endings with anti-vGluT1 antibodies and the
characteristic distribution of nuclei in nuclear chain and
nuclear bag fibres. The number of muscle spindles was
determined in three soleus muscles each from a different
wildtype or mutant mouse line. Likewise, the number
of circumferential elements of the annulospiral sensory
nerve endings per 50 µm length of the intrafusal fibre
was determined in the same set of sections by manual
counting in soleus muscles from three different wildtype
and dystrophic mice, respectively. Between 15 and 20
annulospiral endings per soleus muscle were analysed.
Differences in the means of the total number of muscle
spindles per soleus muscle and the mean of the number
of circumferential segments were analysed using one-way
ANOVA.
Muscle spindle electrophysiological response
recordings
Afferent sensory neuron responses to stretch were assayed
using an isolated muscle–nerve preparation previously
described (Wilkinson et al. 2012; Franco et al. 2014;
Gerwin et al. 2019). In brief, mice were killed by
cervical dislocation to avoid any interference of the
anaesthetic with the sensory afferent recordings. The
extensor digitorum longus (EDL) muscle together with
the deep peroneal branch of the sciatic nerve were
then dissected and placed in a tissue bath containing
oxygenated ACSF (Wilkinson et al. 2012). The tendons
were sutured to a fixed post and on the other end
to a lever arm, connected to a dual force and length
controller (300C-LR, Aurora Scientific, Dublin, Ireland)
allowing the simultaneous recording of muscle tension
and muscle length. Sensory activity was sampled using
a suction electrode (tip diameter 50–70 µm) which was
connected to an extracellular amplifier (Model 1800,A&M
Systems, Elkhart, IN, USA). Unless stated otherwise, at
least fivemuscle spindles each from a differentmousewere
analysed. A signal was classified as being from a putative
muscle spindle afferent if it displayed a characteristic
instantaneous frequency response to stretch as well as
a pause during twitch contraction (Wilkinson et al.
2012; Franco et al. 2014; Gerwin et al. 2019). Baseline
muscle length (L0) was defined as the minimal length at
whichmaximal twitch contractile force was generated. For
every muscle spindle afferent recording, a ramp-and-hold
stretch (L0 plus 7.5% of L0; ramp speed 40% L0 s−1;
ramp phase duration: 0.1 s; hold phase: 3.8 s; stretch
duration: 4 s with 45 s intervals between each stretch), as
well as 16 sinusoidal vibrations (peak-to-peak amplitudes:
5, 10, 50 and 100 µm, each with a frequency of 10,
25, 50 and 100 Hz for 9 s) were recorded. This series
of recordings was repeated three times and represents a
well-established protocol to assess murine muscle spindle
function (Wilkinson et al. 2012; Franco et al. 2014; Gerwin
et al. 2019). From these recordings the mean resting
discharge (RD; average baseline firing rate) as well as the
dynamic peak (DP; highest firing rate during ramp – base-
line firing rate), the dynamic index (DI; dynamic peak –
firing rate 0.45–0.55 s into stretch – baseline firing rate)
and the static response (SR; firing rate 3.25–3.75 s into
stretch – baseline firing rate) were determined (Wilkinson
et al. 2012; Franco et al. 2014; Gerwin et al. 2019).
For analysis of the electrophysiological data, individual
sensory neurons were identified by spike shape and
interspike interval using the Spike Histogram feature
of Lab Chart (AD Instruments, Sydney, Australia). The
same program was used to determine the instantaneous
firing frequency. Spindle afferent baseline firing rate,
dynamic peak, dynamic index as well as the static stretch
response were determined as described above. Up to three
different muscle spindle afferents were recorded from
one EDL muscle. Only recordings in which an individual
muscle spindle afferent unit could be unambiguously
identified were included in the analysis. Action potentials
from additional muscle spindles that appeared during
the stretch were not scored. No attempt was made to
discriminate type Ia from type II afferents, because type
II afferents have not been observed in mice (for detailed
discussions see Wilkinson et al. 2012; Gerwin et al.
2019).
At the end of each recording, general muscle health
was ensured by determining the maximal contractile
force during a direct tetanic stimulation (500 ms train at
120 Hz frequency and 0.5 ms pulse length, supramaximal
voltage; Grass SD9 stimulator; Natus, Pleasanton, CA,
USA;Wilkinson et al. 2012; Gerwin et al. 2019). This value
was normalized for differences in muscle size and mass by
determining the diameter of the EDL muscle at L0. With
this information, the specific force (force/cross-sectional
area) was determined in wildtype and dystrophic mice
and compared to the previously reported peak force of
the EDL of 23.466 N cm−2 (Larsson & Edstrom, 1986;
Brooks & Faulkner, 1988). Consistent with the literature,
weobserved a small reductionof approximately 20% in the
specific force of the EDLmuscle fromDMDmdx compared
to wildtype mice, but no difference between wildtype and
dysf−/− mice (Horowits et al. 1990; Barton et al. 2010;
Han et al. 2010; Hakim et al. 2011; Dillingham et al. 2015;
Steinberger et al. 2015; Lloyd et al. 2019).
C© 2020 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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Statistical analysis of muscle spindle responses
Statistical analysis of the electrophysiological experiments
was performed as previously described (Gerwin et al.
2019). Only single-unit spindle afferent responses that
could be recorded without interruption throughout the
entire experiment were included in the analysis. For the
ramp and hold stretches, baseline values for all parameters
(baseline firing rate, dynamic peak, dynamic index, and
the static stretch response) were determined as an average
of three stretches and the mean of all recordings was
compared between wildtype and mutant mice. Values are
reported as mean of the frequency (imp s–1) in a dot
plot with each dot representing a different muscle spindle
response. Statistical significance was determined using
one-way ANOVA with Dunnett’s multiple comparisons
test.
For the sinusoidal vibrations, the mean of the total
number of action potentials per 9 s (imp 9 s–1) for each of
the four frequencies and four amplitudes was determined
and the means were compared between wildtype and
mutant mice. Data are shown as imp 9 s–1 in a dot plot
with each dot representing an independent experiment.
Statistical significance was determined using one-way
ANOVA and Dunnett’s multiple comparisons test. All
analyses were performed using GraphPad Prism (v8;
Graphpad Software, Inc., La Jolla, CA, USA). The level
of significance (P-value) for all statistical tests was set at
∗< 0.05, ∗∗ < 0.01, ∗∗∗ < 0.001 and ∗∗∗∗<0.0001.
Results
Muscle spindle number and morphology is unaltered
in dystrophic mice
To determine if muscle spindles are affected by the
mutation in a similar way to extrafusal fibres in
the surrounding muscle tissue, the total number and
the overall structure of muscle spindles in the soleus
muscle from wildtype, DMDmdx and DMDmdx-dysf−/−
double mutant mice were determined. We chose the
soleus muscle because the number of muscle spindles
in this muscle has been extensively investigated and
quantified (Lionikas et al. 2013; Sonner et al. 2017).
To analyse the number of spindles per muscle, entire
soleus muscles were cryosectioned and each section was
stained with anti-vGluT1 antibodies. Each section was
then tile-scanned and the fused tile images were analysed
for the presence of muscle spindles (Fig. 1A). Manually
counting the number of muscle spindles in dystrophic
and wildtype mouse lines revealed an equal total number
of approximately 10 muscle spindles per soleus muscle
(Fig. 1C), which agrees well with the published number
of 10–11 spindles per muscle in wildtype mice (Lionikas
et al. 2013; Sonner et al. 2017). This result demonstrates
that mutations in dystrophin and dysferlin did not affect
the number of muscle spindles per soleus muscle.
To investigate if a loss of dystrophin affects the structure
of the sensory nerve terminal, sections of the central
parts of muscle spindles from three mice from each
wildtype strain and three DMDmdx mice were stained
with anti-vGluT1 antibodies. The analysis was performed
on the same set of muscle sections used to determine
the total number of muscle spindles per soleus muscle.
The number of circumferential segments of the sensory
nerve terminal along segments of 50 µm of the intra-
fusal fibre was determined (red arrows in Fig. 1B). We
observed an average of approximately 7.5 circumferential
segments per 50 µm intrafusal fibre length in DMDmdx
as well as in both wildtype strains (Fig. 1B and D).
Likewise, no obvious difference in the intensity and the
distribution of the anti-vGluT1 labelling (Fig. 1B; see
also Figs 2 and 3) between wildtype and DMDmdx mice
was observed, suggesting that the morphology of the
annulospiral sensory nerve terminal was not apparently
affected in dystrophic mice. In summary, our results
suggest that the mutation in dystrophin or dysferlin did
not overtly affect the overall structure or total number of
muscle spindles in soleus muscles. This is in agreement
with previous studies, which failed to identify structural
changes in muscle spindles from dystrophic mice (Ovalle
&Dow, 1986; Johnson&Ovalle, 1986; Nahirney &Ovalle,
1993; Nahirney et al. 1997).
Localization of different DGC components and of
dysferlin in the central part of intrafusal fibres
To investigate the localization of different DGC
components in the central region of intrafusal muscle
fibres, sections of wildtype muscles were incubated
with anti-vGluT1 antibodies to label the sensory
nerve terminals. Spindles were additionally labelled
with antibodies against dystrophin, β-dystroglycan or
utrophin. High-resolution confocal microscopic analysis
demonstrated an alternating non-overlapping immuno-
fluorescence labelling pattern of dystrophin and vGluT1
in the central region of intrafusal fibres (Fig. 2A). Similar
to what has been described previously (Nahirney &
Ovalle, 1993), dystrophin was concentrated in the area of
the intrafusal fibre plasmamembrane, outside the contact
regionwith the sensory nerve terminal, and appeared to be
excluded from the area of direct intrafusal fibre to sensory
nerve terminal contact. A similar mutually exclusive
distribution along the intrafusal fibre was observed when
wildtype muscle spindles were stained with antibodies
against β-dystroglycan (Fig. 2B), suggesting that both
components of the DGC co-distribute. The labelling
pattern was similar in soleus, quadriceps and EDL muscle
from wildtype mice. These results indicate that a DGC
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containing dystrophin and β-dystroglycan is formed in
the sarcolemma of intrafusal fibres in a particular sub-
cellular region. Interestingly, utrophin was undetectable
in the central (equatorial) region of C57BL/6 wildtype
muscle spindles in all three muscles (Fig. 2C).
We next analysed the distribution of DGC components
in DMDmdx mice. As expected, we observed no labelling
of intrafusal fibres with anti-dystrophin antibodies in
DMDmdx mice (Fig. 2D), demonstrating the specificity
of the antibodies. Similar to extrafusal muscle fibres
(Ibraghimov-Beskrovnaya et al. 1992; Rafael et al. 1994),
the intensity of the β-dystroglycan immunoreactivity was
considerably reduced in intrafusal fibres from DMDmdx
muscle spindles compared to wildtype muscle spindles
(Fig. 2E). The weak residual immunoreactivity was
distributed along the entire sarcolemma but the intensity
was slightly higher in the contact region of intrafusal
fibres with the sensory nerve ending (Fig. 2E′ and E′′′),
suggesting a redistribution of β-dystroglycan in DMDmdx
mice compared towildtypemice. In contrast to theabsence
of anti-utrophin immunofluorescence signal in the central
region of wildtype muscle spindles, we observed strong
immunoreactivity for utrophin in the central region of
intrafusal fibres from DMDmdx mice (Fig. 2F). Moreover,
the localization of utrophin immunofluorescence in
muscle spindles from DMDmdx mice recapitulated the
differential labelling observed with anti-dystrophin anti-
bodies in wildtype muscle spindles (Fig. 2F). Thus,
utrophin appeared upregulated in the central region
of intrafusal fibres of DMDmdx mice. This suggests the
possibility that utrophin compensates functionally and/or
structurally for the absence of dystrophin.
Figure 1. Structural analysis of muscle
spindles from wildtype and dystrophic
mice
The total number of muscle spindles was
determined in soleus muscles by making
tile scans of all sections of a soleus muscle.
A, one individual tile scan of a wildtype
C57BL/10 soleus muscle section stained
with antibodies against vGluT1. An
individual muscle spindle is shown at low
and at high (inset) magnification. We
observed no difference in the total number
of muscle spindles in soleus muscles from
wildtype or dystrophic mice (C). B, a
muscle spindle from a DMDmdx mouse
stained with antibodies against vGluT1 to
illustrate how the morphology of the
sensory nerve terminal was analysed. The
number of circumferential elements
(indicated by red arrows and numbers in B)
per 50 µm segment of intrafusal fibre was
quantified in both wildtype and in DMDmdx
mice (D). There was no difference in the
number of circumferential elements per
50 µm of intrafusal fibre length between
wildtype and DMDmdx mice. Scale bar in B:
10 µm [Colour figure can be viewed at
wileyonlinelibrary.com]
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To investigate the distribution of the DGC in a mouse
model for MDs with an entirely different aetiology and
molecular basis for the dystrophic phenotype, dysf−/−
and DMDmdx-dysf−/− double mutant mice were analysed
and compared to utrn−/− and C57BL/10 wildtype mice.
There was no apparent difference in the distribution
of dystrophin between the two wildtype mouse strains
(C57BL/6 and C57BL/10, respectively; compare Figs 2A
and 3A). Likewise, we observed no difference in the
localization of dystrophin and β-dystroglycan in muscle
spindles from utrn−/− compared to C57BL/10 wildtype
mice (Fig. 3A–C), suggesting that the distribution of the
DGC in utrn−/− mice was similar to wildtype mice.
Dysferlin localizes to the plasma membrane and
to the t-tubule system in wildtype extrafusal muscle
fibres (Anderson et al. 1999; Ampong et al. 2005;
Kerr et al. 2013). Accordingly, we observed a thin line
of immunoreactivity with anti-dysferlin antibodies
along the sarcolemma of extrafusal fibres (arrowheads
in Fig. 3F). In addition, anti-dysferlin antibodies labelled
parts of the sarcomeres, probably corresponding to the
t-tubule system (Kerr et al. 2014). In the central region
of intrafusal fibres, anti-dysferlin antibodies stained
the plasma membrane (arrows in Fig. 3F). In addition,
sarcomere-like structures similar to those stained in
extrafusal fibres were observed in the polar contractile
regions of intrafusal fibres (not shown). Dysferlin was
also concentrated in the contact region between intrafusal
fibres and the sensory nerve terminal (asterisks in Fig. 3F).
No specific immunofluorescence signal was observed in
muscle spindles from dysf−/− and in DMDmdx-dysf−/−
mice (Fig. 3D and E), demonstrating the specificity of
the antibodies. Dystrophin was present and distributed
similarly in wildtype and dysf−/− mice and was, as
Figure 2. Distribution of DGC components in the equatorial region of muscle spindles from wildtype
and DMDmdx mice
The distribution of dystrophin (red channel in A, D), β-dystroglycan (red channel in B, E) and utrophin (red channel
in C, F) was analysed in sections of soleus muscles from wildtype (A–C) and DMDmdx (D–F) mice. Sections were
stained with antibodies against vGluT1 (green channel in all panels) to illustrate the sensory nerve terminal. Insets
at the bottom of each panel show the boxed areas at high magnification. Dystrophin (A′–A′ ′ ′) and β-dystroglycan
(B′–B′ ′ ′) were present in intrafusal fibres but excluded from the region where the intrafusal fibre has direct contact
to the sensory nerve terminal (marked by asterisks in A′–A′ ′ ′ and B′–B′ ′ ′). Utrophin was undetectable in the central
region of wildtype intrafusal fibres (C). In contrast, the same antibodies strongly stained muscle spindles from
DMDmdx mice (F). In these mice, utrophin had the same subcellular distribution as dystrophin in wildtype muscle
spindles (compare A and F). As expected, we observed no labelling with antibodies against dystrophin in DMDmdx
mice (D). The intensity of immunofluorescence staining with antibodies against β-dystroglycan appeared lower
in DMDmdx mice compared to wildtype mice (compare B and E) and labelling was observed along the entire
sarcoplasm with a slightly higher intensity in the region of contact to the sensory neuron (E′–E′ ′ ′). Asterisks mark
corresponding areas in the insets. E, the same muscle spindle as in Fig. 1B. We observed a similar intensity and
distribution of vGluT1 immunoreactivity in all mouse lines, suggesting an absence of major morphological changes
in the sensory nerve terminal of the dystrophic mice. Scale bar in all panels: 10 µm. [Colour figure can be viewed
at wileyonlinelibrary.com]
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expected, absent in DMDmdx and DMDmdx-dysf−/− mice
(Fig. 3G and H). We noted, however, a slight spreading of
the immunoreactivity also into the area where the sensory
neuron contacted the intrafusalmuscle fibre (Fig. 3G). The
distribution and intensity of the β-dystroglycan immuno-
fluorescence were similar in wildtype and dysf−/− mice
but were downregulated in DMDmdx-dysf−/− mice similar
to the reduced intensity of DMDmdx mice (Fig. 3I and J).
Thus, the subcellular localization of the DGC components
in intrafusal fibres was very similar in wildtype and in
dysf−/− mice, suggesting that any potential change in
muscle spindle function in dysf−/− mice was unlikely to be
due to a reduced expression or altered distribution ofDGC
proteins.
Muscle spindle afferents from DMDmdx and dysf−/−
mice have an increased resting discharge
To investigate if muscle spindle function is altered in
DMDmdx orutrn−/−mice, thedischarge frequencies at four
particular time points before and during ramp-and-hold
stretches were recorded (Fig. 4) and compared to
C57BL/10 wildtype control mice. We observed no
difference in the resting discharge and in the response to
ramp-and-hold stretches betweenC57BL/10wildtype and
utrn−/− mice (Fig. 5), suggesting that similar to extrafusal
fibres, utrophin deficiency does not lead to functional
deficits in muscle spindles. In DMDmdx mice, the resting
discharge frequency during the 10 s before the stretch
Figure 3. Distribution of dysferlin andDGC components inmuscle spindles fromwildtype and dystrophic
mice
High-resolution confocal microscopy showing the subcellular distribution of dystrophin (green channel in A, B, G,
H), β-dystroglycan (green channel in C, I, J) and dysferlin (green channel in D, E, F) in C57BL/10 wildtype (A, F),
utrn−/− (B, C), dysf−/− (D, E,G, I) and DMDmdx-dysf−/− (H, J) double mutant mice. The vGluT1 labelling (red channel
in all panels) was used to label the sensory nerve terminal. Dystrophin had the same distribution in wildtype (A),
utrn−/− (B) and dysf−/− (G) mice but was absent – as expected – from DMDmdx-dysf−/− mice (H), i.e. dystrophin
was subcellularly concentrated in the area of intrafusal fibres that did not have contact with the sensory nerve
terminal. Dysferlin was present in the sarcolemmal plasma membrane and in parts of the sarcomere of extra- and
intrafusal muscle fibres (arrowheads and arrows in F). The absence of immunoreactivity with antibodies against
dysferlin in dysf−/− and of dysferlin and dystrophin in DMDmdx-dysf−/− mice shows the specificity of the respective
antibodies. β-Dystroglycan had the same distribution as dystrophin in utrn−/− (C), dysf−/− (I) and DMDmdx-dysf−/−
(J) mice. The asterisks in J mark the outer connective tissue capsule of the muscle spindle Scale bar in all panels:
10 µm. [Colour figure can be viewed at wileyonlinelibrary.com]
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was significantly increased (Figs 4 and 5A). In contrast,
the dynamic peak (Fig. 5C), dynamic index (Fig. 5E)
and the static response (Fig. 5G) were not different
in DMDmdx muscle spindles compared to wildtype or
utrn−/− mice. These results demonstrate an increased
action potential frequency in DMDmdx mice at rest and
an apparently normal muscle spindle function in utrn−/−
mice.
Small sinusoidal stretches can more specifically test the
dynamic properties of muscle spindles (Brown et al. 1967;
Hunt & Ottoson, 1977). We therefore investigated the
response of muscle spindles from wildtype, utrn−/− and
DMDmdx mice to vibrational stimuli by exposing them to
sinusoidal length changes of four different frequencies and
four different amplitudes. Figure 6 shows a representative
example of the responses of wildtypeC57BL/6 (Fig. 6A–C)
and DMDmdx (Fig. 6D–F) muscle spindles to sinusoidal
vibrations of 10 Hz frequency and 100 µm amplitude.
The same stimulus induced more action potentials in
dystrophic muscle compared to the wildtype control
muscle. Thepassivemechanical tensiongenerated atL0 did
not differ between wildtype and DMDmdx mice (C57BL/6:
3.90 ± 0.22 mN, N = 4; DMDmdx: 3.83 ± 0.23 mN,
N = 7). Likewise, we did not observe obvious differences
in the tension generated by the vibrations in wildtype
(Fig. 6B) and DMDmdx (Fig. 6E) mice, suggesting that
the biomechanical properties of the EDL muscle were not
apparently different in both mouse lines. The responses
of muscle spindles to vibrational stimuli were expressed
as impulses per 9 s (imp 9 s–1; Wilkinson et al. 2012;
Gerwin et al. 2019). Muscle spindles from DMDmdx mice
had a significantly higher number of action potentials
Figure 4. Resting discharge is increased in muscle spindles
from DMDmdx mice
Instantaneous frequency of muscle spindle responses to a
ramp-and-hold stretch with a ramp speed of 40% L0 s–1 and an
overall 7.5% L0 length change from a representative wildtype (green
dots) and DMDmdx (grey dots) mouse EDL muscle. The frequencies at
four different time points before and during the stretch were
subsequently quantified in wildtype and dystrophic mice (see Fig. 5):
resting discharge (RD), dynamic peak (DP), dynamic index (DI) and
static response (SR). While the resting discharge frequency was
increased in DMDmdx mice compared to C57BL/10 control mice, the
other parameters were not apparently affected. The dotted line
indicates the mean of the resting discharge of the wildtype muscle
spindle. [Colour figure can be viewed at wileyonlinelibrary.com]
per 9 s during low frequencies of 10 Hz at all four
stretch amplitudes (triangles in Fig. 7A–D). However,
with increasing frequencies, the muscle spindle responses
in DMDmdx mice became similar to the responses in
wildtype (circles in Fig. 7A–D) and utrn−/− mice (squares
in Fig. 7A–D). These results demonstrate an increased
frequency of action potentials of muscle spindles from
DMDmdxmice in response to vibrations, particularly at low
vibrational frequencies and small amplitudes, suggesting
an increased dynamic sensitivity of muscle spindles in
DMDmdx mice.
To investigate if muscle spindle function was similarly
altered in an entirely different mouse model for MDs,
dysf−/− and DMDmdx-dysf−/− double mutant mice were
analysed. Because these mice have a different genetic
background, and because strain-dependent variations in
muscle spindle structure have been reported (Lionikas
et al. 2013), C57BL/6 mice were used as wildtype controls.
Muscle spindle afferent discharge frequencies before
and during ramp-and-hold stretches were recorded and
analysed as described above. The resting discharge was
significantly increased in both mutant lines compared
to wildtype control mice (Fig. 5B). On the other hand,
the parameters describing the dynamic phase (dynamic
peak, Fig. 5D; dynamic index, Fig. 5F), as well as the
static response to muscle stretch (Fig. 5H) were not
altered in dysf−/− or DMDmdx-dysf−/− mice compared to
wildtype mice. These results indicate an increased action
potential frequency in dysf−/− and DMDmdx-dysf−/− mice
at rest, which appeared similar to the increase observed in
DMDmdxmice.Moreover,weobservednoadditive effect in
DMDmdx-dysf−/− double mutant mice compared to either
single mutant mouse line.
To study muscle spindle activity more specifically
during the dynamic phase of a muscle stretch, muscle
spindle afferent discharge responses to sinusoidal
vibrations were analysed in dysf−/− and DMDmdx-dysf−/−
mice.Muscle spindles from dysf−/− (squares in Fig. 7E–H)
and DMDmdx-dysf−/− mice (triangles in Fig. 7E–H) had
a significantly higher number of impulses per 9 s during
small-amplitude vibrations (5 µm) at all frequencies
(Fig. 7E). In contrast, the response to vibrations with
larger amplitudes and higher frequencies were mostly
similar to control values (Fig. 7F–H). We observed no
difference in the response to sinusoidal vibrations between
dysf−/− and DMDmdx-dysf−/− mice (Fig. 7E–H), again
demonstrating that there is no apparent additive effect
of the two mutations. These results confirm an increased
dynamic sensitivity of muscle spindles from dystrophic
mice in their response to small-amplitude vibrations. In
conclusion, our results demonstrate a qualitatively and
quantitatively comparable increase in the resting discharge
and in the response to vibrations in DMDmdx and dysf−/−
mice and no additive effect in the double mutant
mice.
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Discussion
Muscle spindles are sensors for proprioceptive stimuli
and an impaired muscle spindle function contributes
to several neuromuscular and neurodegenerative diseases
(for reviews see Blecher et al. 2018; Kro¨ger, 2018).We show
that muscle spindle afferents from two dystrophic mouse
lines with mutations in different genes and with different
molecular mechanisms causing the muscle degeneration
have a qualitatively and quantitatively similar increase
in the resting discharge frequency and in the response
to sinusoidal vibrations. We also show that the over-
all structure, total number of muscle spindles and their
Figure 5. Resting discharge of muscle
spindle afferents from DMDmdx, dysf −/−
and DMDmdx-dysf −/− mice is increased
but the muscle spindle response to
ramp-and-hold stretches is unaltered
Discharge frequencies at rest (A, B), dynamic
peak (C, D), dynamic index (E, F) and static
response (G, H) were determined and
compared between muscle spindles from
wildtype (circles in A–H) and dystrophic mice.
While the resting discharge was increased in
the dystrophic mice, it was unaltered in
wildtype and utrn−/− mice. We observed no
additive effect of the resting discharge
frequency change in the DMDmdx-dysf −/−
double mutant mice. The horizontal bar
indicates the mean of the different
experiments. Only significant differences are
indicated. Each dot represents an
independent experiment. Statistical
significance of differences in the frequencies
was determined using one-way ANOVA with
Dunnett’s multiple comparison test.
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responses to ramp-and-hold stretches were not affected
by the mutations. These results demonstrate that intra-
fusal fibres from dystrophic mice are less affected by the
degenerative events compared to extrafusal fibres, but
muscle spindles are nevertheless functionally impaired.
In a previous study, the localization of dystrophin in the
central part of intrafusal fibres, with dystrophin-deficient
segments alternating with positively stained domains
along the sarcolemma, has been reported (Nahirney &
Ovalle, 1993). We confirmed this finding using a different
anti-dystrophin antibody and additionally show that other
components of theDGC (i.e.β-dystroglycan) are similarly
subcellularly concentrated in the same segments of the
sarcoplasmic membrane. These segments coextend with
the parts of intrafusal fibres that are in direct contact
with the basal lamina (Maier &Mayne, 1995). In contrast,
the intrafusal fibre plasma membrane is separated from
the basal lamina by the sensory nerve terminal in the
DGC-deficient segments. Thus, it is tempting to speculate
that theDGC in intrafusal fibres is stabilized in the regions
between the sensory nerve terminals by the direct contact
to the extracellular matrix. The absence of dystrophin and
β-dystroglycan immunoreactivity in the contact region
between the sensory neuron and the intrafusal fibre also
suggests that the DGC is not directly involved in the
mechanotransduction process. It remains to be shown if
the DGC is actively excluded from the sensory neuron to
intrafusal fibre contact zone or if it is not stabilized in
regions where intrafusal fibres have no contact to the basal
lamina.
Analysis of muscle tissue from MD patients has
revealed conflicting results regarding changes in the over-
all morphology of muscle spindles. Some studies have
reported thatmuscle spindlemorphology in post-mortem
muscle tissue was slightly atrophic and that due to
the loss of intrafusal fibres and a reduced intrafusal
fibre diameter, the periaxial space was increased and
the connective tissue capsule was widened (Swash &
Fox, 1976; Kararizou et al. 2007). In contrast, other
studies analysing intrafusal fibres in biopsy material from
Figure 6. Increased firing frequency of
muscle spindle sensory afferents from
DMDmdx mice in response to sinusoidal
vibrations
The response of a single representative muscle
spindle afferent from wildtype (A) and DMDmdx
(D) mice to sinusoidal vibrations of 10 Hz and
100 µm amplitude. Corresponding length
changes (stretch is represented as an upward
deflection) and the passive mechanical tension,
generated by the muscle in response to the
vibration, are shown in B and C, respectively,
for wildtype and in E and F for DMDmdx mice.
Note that more action potentials are generated
in DMDmdx mice compared to wildtype control
mice. The tension generated by the muscle in
response to the stimuli is similar in wildtype (C)
and DMDmdx muscle (F). [Colour figure can be
viewed at wileyonlinelibrary.com]
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patients showed a normal diameter and an unaltered
thickness of the connective tissue capsule (Cazzato
& Walton, 1968; Skuk et al. 2010). It is therefore
possible that the morphological changes observed in
the first two studies were not a direct consequence of
the mutation but instead caused by secondary effects,
including age, immobilization or post-mortem tissue
autolysis. Regardless, compared to extrafusal fibres, intra-
fusal fibres and muscle spindle structure appear much
less affected by the mutation. This is consistent with our
finding that in the DMDmdx mouse, the morphological
changes appeared to be considerably less pronounced
compared to those described for extrafusal fibres.
We observed no apparent degeneration of intrafusal
fibres or a reduction in the total number ofmuscle spindles
per soleusmuscle. Likewise, the distribution of the vGluT1
immunoreactivity was not apparently different in the
central region of intrafusal fibres in muscle spindles from
the various dystrophicmice.One potential explanation for
the mild phenotypic effect of the mutations might be that
intrafusal fibres have a much smaller mechanical burden
and are thus less likely to suffer frommechanical damage.
An additional possibility is suggested by our finding that
utrophin expression was markedly upregulated in the
DMDmdx mouse. Utrophin is an autosomally encoded
paralogue of dystrophin, which shares more than 80%
amino acid sequence similarity to dystrophin, has a very
similar domain structure, and like dystrophin can interact
with actinfilaments andwithβ-dystroglycan (Tinsley et al.
1992). In skeletal muscle, utrophin is highly expressed in
fetal and regenerating muscle fibres (Khurana et al. 1991;
Lin et al. 1998). In adult wildtype muscle fibres, utrophin
is replaced by dystrophin along the entire sarcolemmal
membrane but remains present at the neuromuscular
Figure 7. Responses of muscle spindles
from wildtype and dystrophic mice to
sinusoidal vibrations
A–D, muscle spindle afferent responses (imp
9 s−1) to vibrational stimuli with frequencies
of 10, 25, 50 and 100 Hz and amplitudes of
5, 10, 50 and 100 µm determined in
C57BL/10 (circles), utrn−/− (squares) and
DMDmdx (triangles) mice. Responses to
vibrational stimuli of 10 and 25 Hz were
different in wildtype compared to DMDmdx
mice at all amplitudes, but the differences
declined at higher frequencies and amplitudes.
In contrast, responses of muscle spindles from
utrn−/− mice were similar to wildtype spindles
at all amplitudes and frequencies. E–H,
responses of muscle spindles from C57BL/6
(circles), dysf −/− (squares) and DMDmdx-dysf
−/− (triangles) mice to the same vibrational
stimuli as in A–D. The frequencies were
increased in both mutant mouse lines
particularly at small amplitudes and low
frequencies. No significant differences were
found at higher amplitudes and frequencies.
We observed no additive effect in the
DMDmdx-dysf−/− double mutant mice
compared to both single mutant mice. Only
significant differences are indicated. The red
bar represents the mean of the frequencies.
Statistical significance was determined using
one-way ANOVA with Dunnett’s multiple
comparison test. [Colour figure can be viewed
at wileyonlinelibrary.com]
C© 2020 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
1604 L. Gerwin and others J Physiol 598.8
junction, the myo-tendinous junction and blood vessels
(Nguyen et al. 1991; Ohlendieck et al. 1991; Bewick et al.
1992; Schofield et al. 1993). In DMDmdx mice, utrophin
is greatly upregulated in extrafusal fibres and can be
found along the entire sarcolemma (Pons et al. 1993;
Hirst et al. 2005). Upregulation of utrophin expression
can lessen or even prevent the dystrophic phenotype in
DMDmdx mice andMD patients (Tinsley et al. 1998, 2011;
Gilbert et al. 1999; Hirst et al. 2005; Amenta et al. 2011;
Davies & Chamberlain, 2019; Guiraud et al. 2019). We
therefore suggest that a similar functional compensation
occurs endogenously in intrafusal fibres, resulting in a
less severe phenotype in DMDmdx mice. In contrast, in
human DMD patients utrophin is only slightly increased
at the sarcolemma of regenerating extrafusal fibres during
the repair process (Helliwell et al. 1992; Guiraud et al.
2019). Likewise, intrafusal fibres in DMD patients do
not apparently upregulate utrophin expression (Skuk
et al. 2010), predicting more severe functional deficits in
humanmuscle spindles compared to those fromDMDmdx
mice.
The dysf−/− mice used in this study have a 171 bp
deletion (Vafiadaki et al. 2001) and a reduction of
functional dysferlin to 15% of the value for normal
skeletal muscle fibres (Bittner et al. 1999). This reduced
dysferlin expression leads to an impairment of the
sarcolemmal membrane repair machinery and sub-
sequently to a degeneration of extrafusal muscle fibres
(Bansal et al. 2003; Cardenas et al. 2016; Barthelemy
et al. 2018). In contrast, mutations in dystrophin affect
the mechanical stability of muscle fibres, rendering them
mechanically labile, so that the sarcolemmal membrane
has a higher susceptibility to damage, particularly during
contraction (Waite et al. 2012). Extrafusal muscle fibres
are much less affected in dysf−/− mice compared to the
DMDmdx mice and only a minority of fibres have centrally
localized nuclei (Nemoto et al. 2007). Likewise, no change
in the distribution of DGC components was reported
in extrafusal fibres from dysf−/− mice (Matsuda et al.
1999; Bansal et al. 2003). Similarly, muscle weakness
is mild in young dysf−/− mice compared to animals
older than 8 months (Hornsey et al. 2013; Terrill et al.
2013). Despite these extensive differences between dysf−/−
and DMDmdx mice, muscle spindle afferents from both
mouse strains were strikingly similarly affected. Both
showed an increase in the resting discharge and an
altered response to sinusoidal vibrations particularly at
small amplitudes but no change in the response to
ramp-and-hold stretches.Moreover, there was no additive
effect in double mutant mice and no change in the
distribution of dystrophin in dysf−/− mice, suggesting that
both mutations phenotypically converge onto a common
intracellular signalling pathway.
The molecular mechanism underlying the increase in
the restingdischarge indystrophicmuscles is unclear.After
shortening in our assay system, muscle spindles fall silent
but the original resting discharge frequency is gradually
reachedagain after several seconds. In cat soleusmuscle, an
early recovery could be induced by specifically stimulating
static- but not dynamic γ-motoneurons, suggesting that
the resting discharge frequency in cat muscle spindles is
primarily mediated by bag2 fibres (Proske et al. 1991).
Thus, a selective effect of the mutations on bag2 fibres
couldbeoneway to explain the increased restingdischarge.
We did not observe a difference in the distribution of
dystrophin, β-dystroglycan or utrophin in wildtype or
dystrophic mice between nuclear bag and nuclear chain
fibres. The mutations in these proteins are therefore
unlikely to selectively affect bag2 intrafusal fibres. Likewise,
we cannot exclude an effect of the mutations on the visco-
elastic properties specifically of bag2 fibres, although the
passive mechanical tension generated at L0 length and
during the vibrational stimuli appeared similar inwildtype
and dystrophic mice.
An alternative explanation for the similar increase
in the resting discharge of both dystrophic mice
might be a change in the intracellular calcium ion
concentration [Ca2+]. Several studies have shown an
abnormal calcium-ion homeostasis in extrafusal fibres in
murinemodels of bothMDtypes (Turner et al. 1988, 1993;
Franco & Lansman, 1990; Mallouk et al. 2000; Robert
et al. 2001; Vandebrouck et al. 2002; Klinge et al. 2010;
Flix et al. 2013; Kerr et al. 2013). Dysferlin is localized
in the t-tubule membrane and physically associated with
the dihydropyridine receptor and several other proteins
involved in Ca2+-based signalling (Ampong et al. 2005; de
Morree et al. 2010; Klinge et al. 2010; Waddell et al. 2011;
Hornsey et al. 2013; Kerr et al. 2013). In addition, blocking
of L-type Ca2+ channels in the t-tubule membrane using
diltiazem improves the recovery of dysf−/− muscle fibres
from injury (Kerr et al. 2013). Collectively, these results
suggest that calcium ions might play a pivotal role in the
aetiology of the dystrophic phenotype in extrafusal fibres
from both mouse strains. In line with these findings, we
hypothesize that an elevated cytosolic Ca2+ concentration
under resting conditions as the mechanistic link between
the genetic defect and the dystrophic phenotype inmuscle
spindles from both mouse models of MD. An increased
Ca2+ concentration in intrafusal fibres would presumably
lead to a contraction in the polar regions. This would exert
stretch in the central equatorial region causing an elevated
discharge frequency of the proprioceptive sensory ending.
It will therefore be interesting to investigate if the intra-
cellular Ca2+ concentration is elevated and if the Ca2+
homeostasis is perturbed in muscle spindles from both
dystrophic mouse lines.
Postural abnormalities have been reported previously
in patients with MD of the Duchenne type and in
dysferlinopathies (Hsu & Furumasu, 1993; Mahjneh et al.
2001; Pradhan et al. 2006). In general, MD patients suffer
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from sudden spontaneous falls, balance problems, as well
as gait and posture abnormalities (Barrett et al. 1988) or
kinematic and mechanical deficits as well as a peripheral
areflexia (Fukuda et al. 1999; Umakhanova et al. 2017).
Some of these symptoms can certainly be attributed to
the muscle weakness. However, a disturbance in proprio-
ception may also contribute to the impaired postural
control in these patients. Analyses of the perception
of body segment movement and control of posture
in patients suffering from various types of MD failed
to reveal differences between MD patients and healthy
subjects (Ribot-Ciscar et al. 2004). Both MD patients
and healthy subjects perceived passive movements and
experienced sensations of illusory movement induced
by vibratory stimulation applied to muscle tendons,
suggesting that muscle spindles are still responsive to
vibratory stimulation and that proprioception in general
might be spared in MD patients or that the defects of
muscle spindles are compensated for (Ribot-Ciscar et al.
2004). Moreover, the effects of reinforcementmanoeuvres
that are known to increase muscle spindle sensitivity via
fusimotor drive in healthy subjects were unaltered in MD
patents, suggesting that the intrafusal muscle fibres pre-
serve their contractile abilities in slowly progressive MDs
(Aimonetti et al. 2005). Our results showing that the
dynamic and static responses to stretch were unaltered
in DMDmdx mice are in agreement with these studies.
However, we observed an increase in the resting discharge
of muscle spindle afferents and an altered response
to sinusoidal vibrations. It is unclear how much these
alterations affect proprioception, because muscle spindle
afferent information is highly processed in the CNS
(Proske & Gandevia, 2012; Proske & Gandevia, 2018).
However, the increased resting discharge frequency could
also directly feed back on skeletal muscle tissue via the
monosynaptic stretch reflex. Accordingly, an increased
resting discharge of sensory afferents might lead to an
increase inmuscle tone in the patients. This could not only
cause postural problems but also increase the stiffness and
by this enhance the degeneration of extrafusal fibres in
dystrophic patients.
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